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Abstract
We study a warped extra-dimension scenario where the Standard Model fields lie in the bulk,
with the addition of a fourth family of fermions. We concentrate on the flavor structure of the Higgs
couplings with fermions in the flavor anarchy ansatz. Even without a fourth family, these couplings
will be generically misaligned with respect to the SM fermion mass matrices. The presence of the
fourth family typically enhances the misalignment effects and we show that one should expect them
to be highly non-symmetrical in the (34) inter-generational mixing. The radiative corrections
from the new fermions and their flavor violating couplings to the Higgs affect negligibly known
experimental precision measurements such as the oblique parameters and Z → bb¯ or Z → µ+µ−.
On the other hand, ∆F = 1, 2 processes, mediated by tree-level Higgs exchange, as well as radiative
corrections to b → sγ and µ → eγ put some generic pressure on the allowed size of the flavor
violating couplings. But more importantly, these couplings will alter the Higgs decay patterns as
well as those of the new fermions, and produce very interesting new signals associated to Higgs
phenomenology in high energy colliders. These might become very important indirect signals for
these type of models as they would be present even when the KK mass scale is high and no heavy
KK particle is discovered.
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I. INTRODUCTION
The Standard Model (SM) of particle physics has been remarkably successful in explaining
a wide range of low-energy phenomena and has passed numerous experimental tests over
the past few decades. The only ingredient of this model that has yet to be discovered is
the Higgs boson. If the Higgs is discovered at the LHC, the problem of its mass, which
should receive quadratic corrections sensitive to scales well above the electroweak scale
(the hierarchy problem) still remains. Warped extra dimensional models were introduced
by Randall and Sundrum (RS) [1] as an attempt to resolve this problem, by using the
extra-dimensional space-time warp factor to lower the natural scale of particle masses. In
the original model, all SM fields were localized on the TeV brane, one could in principle
generate higher dimensional flavor violating operators, suppressed by only TeV operators–a
serious problem for phenomenology. To address this issue one could invoke for example flavor
symmetries [2] but the most popular venue has been to allow fermions to propagate in the
bulk, which not only reduced the flavor problem, but provided a compelling theory of flavor,
in which hierarchies among fermion masses and mixings arise naturally [3, 4]. This model
sheds light on the flavor puzzle as well: the 5D Yukawa couplings are all O(1) and with no
definite flavor structure, and the fermion masses and mixing angles depend on the amount of
mixing of the elementary fermions with the strongly coupled conformal field theory, assumed
to be small for the first two generations [4]. This implies that flavor violation in the SM is
also suppressed by the same mixing factors - the phenomenon that goes under the name of
the RS-GIM mechanism [5]. However, in this case constraints from the ∆S = 2 and ∆B = 1
processes still require the scale of new physics (the KK scale) to be around ∼ 5 TeV [6, 7],
raising difficulties with observation of this minimal scenario directly at the LHC.
On the flavor side, recently, some possible deviations from the SM in B meson [8, 9] and
t quark physics [10] have been reported, indicating perhaps difficulties with the standard
Cabibbo-Kobayashi-Maskawa (CKM) paradigm for quark mixing [11]. The effects in B
physics can be explained by various Beyond the Standard Model (BSM) scenarios, though
the simplest explanation seems to come from a simple extension of the Standard Model
to four generations, that is, by adding two new heavy quarks, a heavy charge +2/3 quark
(t′) and charge −1/3 quark (b′). In more extensive versions of the model, the effects of
introducing extra leptons (τ ′ and ν ′τ ), needed for anomaly cancellation, are also studied.
The addition of a fourth sequential generation of fermion doublets is a natural extension
of the SM (SM4). The model restricts fourth-generation quark masses to be not too large
to preserve perturbativity [12]. Recently, SM4 have increased in popularity as it was shown
that the introduction of a fourth generation does not conflict with electroweak precision
observables [13], as long as their mass differences are small [14]. Fourth generation fermions
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are required to have masses greater than half the mass of the Z0 boson to evade LEP limits
on the invisible Z0 boson width. There are many advantages of introducing an extra family
of fermions:
• These new fermions may trigger dynamical electroweak symmetry breaking [12] with-
out a Higgs boson, and thus address the hierarchy problem.
• A fourth generation softens the current low Higgs mass bounds from electroweak pre-
cision observables by allowing considerably higher values for the Higgs mass [15].
• Gauge couplings can in principle be unified without invoking SUSY [16].
• A new family might cure certain problems in flavor physics, such as the CP-violation
in Bs-mixing [17].
• A fourth generation might solve problems related to baryogenesis, as an additional
quark doublet could lead to a sizable increase of the measure of CP-violation [18].
• Such an extension of the SM would increase the strength of the phase transition [19].
• It appears that an even number of fermion generations is more natural from the string
theory point of view [20].
New heavy fermions lead to new interesting effects due to their large Yukawa couplings [21].
Recent searches by the CDF Collaboration for direct production of the fourth generation
quarks, called t′ and b′, set the limits mt′ > 335 GeV [22] and mb′ > 385 GeV [23], assuming
Br(t′ → Wq(q = d, s, b)) = 100% and Br(b′ → Wt) = 100% respectively. For the leptons
mτ ′ > 100.8 GeV, mν′τ > 90.3 GeV (Dirac type), mν′τ > 80.5 GeV (Majorana type) [24].
The limits on the low energy phenomenology due to fourth generation fermions has been
studied extensively [25, 26].
While there have been many extensive studies of the SM4, there are few analyzes of BSM
scenarios with four generations (see however [27]). The reason is that the fourth generation
typically imposes severe restrictions on the models. In particular, there are difficulties in
incorporating a chiral fourth family scenario into any Higgs doublet model, such as the
MSSM [28]. It was initially shown that due to the large masses for the fourth generation
quarks and large Yukawa couplings, there are no values of tan β =
vu
vd
> 1 for which the
couplings are perturbative to the Grand Unification Scale. (However, this condition does
not apply to vector-like quarks [29].) Recently the MSSM with four generations has received
some more attention [30], as it was shown that for tan β ' 1 the model exhibits a strong
first order phase transition [31].
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But the four generation scenario can easily be incorporated in models with warped extra
dimensions, as in [32], where it can be argued that the fourth generation arises naturally.
In these models the Higgs particle can be thought of as a generic composite state, and even
being a condensate of some of the fourth generation heavy quarks [32, 33], thus providing a
solution to the (little) hierarchy problem.
An additional benefit of the extension of a fourth generation in warped models, could be
the inclusion of the fourth generation neutrino, which may become a novel dark matter can-
didate [34], typically missing in minimal models (see however [35] for different approaches).
As mentioned earlier, KK particles could be just barely beyond the reach of the LHC. Nev-
ertheless there are implications of the warped scenarios that could leave an imprint on lower
energy physics. For instance, recently it was pointed out that warped extra-dimensional
models introduce new flavor-violating operators in the Higgs sector. In a composite Higgs
sector with strong dynamics, flavor changing neutral currents (FCNC) can arise at tree level,
generated by a misalignment between the Higgs Yukawa matrices and the fermion mass ma-
trices [36–38]. The full set of operators responsible for the misalignment has been thoroughly
analyzed, showing that the effect is generically large and phenomenologically important [38]
and even could alter considerably the couplings of Higgs to gluons [39, 40], affecting thus
the main production mechanism of the Higgs at hadron colliders.
These flavor violating effects will be even more pronounced if the matter sector is extended
by extra fermionic generations. And for the Higgs bosons, it is well known that the effects
of a fourth generation are quite spectacular in modifying the Higgs boson cross-section at
hadron colliders, which can be tested easily with Tevatron and early LHC data within this
or the next year. The Tevatron has published limits on the Higgs boson cross-section in the
fourth generation model, excluding a wide range of Higgs boson masses [41], and recently
the CMS collaboration carried out a similar study [42].
As Higgs production can be modified within warped scenarios due to flavor violating
effects in the Higgs sector [40], it may be possible to distinguish signals coming from a
fourth generation model within the SM (SM4) with those coming from a fourth generation
model associated with a warped extra-dimension (or a composite scenario), and, given the
searches for the Higgs boson underway at the LHC, such an analysis is timely. The inclusion
of the fourth generation will also affect low-energy precision observables, as well as limits
on rare decays. In the lines of [38], we propose to explore here the effect of FCNC Higgs
couplings with a fourth generation in a simple warped extra dimensional model.
Our work is organized as follows. In the next section, Sec. II, we summarize the features
of the warped extra-dimensional models with fermions propagating in the bulk. We analyze
the flavor structure with fourth generational mixing in Sec. III, giving both analytical
expressions and numerical values. We proceed to explore the phenomenology of the model
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in Sec. IV. Restrictions due to flavor-changing low energy observables, both at tree and
one-loop level, are included here. In subsections, we investigate FCNC decays of the Higgs
boson, as well as collider signals for the fourth generation decaying into lighter fermions and
Higgs bosons. We summarize our findings and conclude in Sec. V. In the Appendices we
include some details of our analytical evaluation.
II. THE MODEL
For simplicity, we consider the simplest 5D warped extension of the SM, in which we keep
the SM local gauge groups and just extend the space-time by one warped extra dimension.
There are bounds on the KK scale coming from precision electroweak observables [43] which
can be addressed by extending the gauge group in order to obtain additional protection.
Nevertheless the effects we are interested in lie in a different sector of the scenario, namely
the Higgs sector, and its couplings with fermions. Our results can easily be extended to more
involved scenarios, but we feel it is best to show explicitly the effects in the simplest scenario.
Moreover precision electroweak constraints can become milder with a heavier Higgs [44] and
perhaps even if the KK scale is barely beyond LHC reach, one can observe its indirect effects
in the Higgs sector.
The spacetime we consider takes the usual Randall-Sundrum form [1]:
ds2 =
R2
z2
(
ηµνdx
µdxν − dz2
)
, (1)
with the UV (IR) branes localized at z = R (z = R′). We first focus on a single family
of down-type quarks Q, D. They contain the 4D SM SU(2)L doublet and singlet fermions
respectively with a 5D action
Sfermion =
∫
d4xdz
√
g
[ i
2
(
Q¯ΓADAQ−DAQ¯ΓAQ
)
+
cq
R
Q¯Q+ (Q→ D), (2)
where cq and cd are the 5D fermion mass coefficients. We also consider a brane localized
Higgs, and so the Yukawa couplings in the Lagrangian are included in the action
Sbrane =
∫
d4xdz δ(z −R′)
(
R
z
)4
H
(
Y 5D1 RQ¯LDR + Y 5D2 RQ¯RDL + h.c.
)
. (3)
To obtain a chiral spectrum, we choose the following boundary conditions for Q,D
QL(++), QR(−−), DL(−−), DR(++). (4)
Then, only QL and DR will have zero modes, with wavefunctions:
q0L(z) = f(cq)
R′−
1
2
+cq
R2
z2−cq , (5)
d0R(z) = f(−cd)
R′−
1
2
−cd
R2
z2+cd , (6)
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FIG. 1: Correction to fermion mass and to physical Yukawa coupling (right diagram) after inte-
grating out heavy vector-like fermions (the fermion KK modes here). In the right diagram, the
correction to the mass happens when all the Higgs bosons acquire their VEV. The correction to
the Yukawa coupling occurs when one of the Higgs remains physical; since there are three ways of
doing this, mass correction and Yukawa correction are not the same, creating a shift between both
terms (or a misalignment in flavor space).
where we have defined f(c) ≡
√
1−2c
1−1−2c and the hierarchically small parameter  = R/R
′ ≈
10−15, which is generally referred to as the warp factor. Thus, if we choose cq(−cd) > 1/2,
then the zero modes wavefunctions are localized towards the UV brane; if cq(−cd) < 1/2,
they are localized towards the IR brane. The wavefunctions of the fermion KK modes are
all localized near the IR brane. Note that the wavefunctions of the KK modes QR and
DL vanish at the IR brane due to their boundary conditions. The Yukawa couplings of
the Higgs with fermions (zero modes or heavy KK modes) are set by the overlap integrals
of the corresponding wavefunctions. For a bulk Higgs localized near the IR brane, the
zero-zero-Higgs, zero-KK-Higgs, KK-KK-Higgs Yukawa couplings are given approximately
by
Yd,00 ∼ Y∗f(cq)f(−cd), (7)
Yd,0n ∼ Y∗f(cq) or Y∗f(−cd), (8)
Yd,nm ∼ Y∗, (9)
where Y∗ = Yd/
√
R is the O(1) dimensionless 5D Yukawa coupling, and we ignored O(1)
factors in the equations above. The SM fermions are mostly zero mode fermions with
some small amount of mixing with KK mode fermions. Therefore, we can use the mass
insertion approximation to calculate the corrections to the masses and Yukawa couplings of
SM fermions. This is shown in Fig. 1 , where qL, dR are zero modes of SU(2)L doublet and
singlet fermions respectively and QL, QR, DL, DR are KK mode fermions. One finds
mdSM ≈ f(cq)Y∗f(−cd) v4 − f(cq)
Y 2∗ v
2
4
M2KK
f(−cd)Y∗ v4, (10)
where v4 is the Higgs vacuum expectation values (VEV) and we assume that all KK fermion
masses are of the same order (MKK). The 4D effective Yukawa couplings of SM fermions can
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be calculated using the same diagram, but the correction will be different. This is because
in the second diagram of Fig. 1, we have to set two external Higgs bosons H to their VEV
v4 while the other one becomes the physical Higgs h, and there are three different ways to
do this. Thus we obtain the 4D Yukawa couplings
ydSM ≈ f(cq)Y∗f(−cd)− 3f(cq)
Y 2∗ v
2
4
M2KK
f(−cd)Y∗. (11)
We see that the SM fermion masses and the 4D Yukawa couplings are not universally pro-
portional; indeed there is a shift with respect to the SM prediction of mdSM = y
d
SMv4.
This shift, or misalignment, defined as ∆d = md − Y dv4 can be carefully calculated
perturbatively including O(1) factors. It is found to be [38]
∆d
1
=
2
3
mdY
5D
1 (Y
5D
2 )
∗v24R
′2 =
2
3
|md|2mdR′2
(
Y 5D2
Y 5D1
)∗
1
f(cq)2f(−cd)2 . (12)
Note the presence of the independent couplings Y 5D2 which are not necessary for generating
fermion masses. It is technically possible to set their values as small as necessary and
suppress the misalignment. Nevertheless this seems to go against the main philosophy of
our approach which assumes that the value of all dimensionless 5D parameters is of order
one. Moreover in the case where the Higgs is a bulk scalar field we have Y1 = Y2, which is
the simplifying assumption we will make for our numerical computations.
There is another contribution to the misalignment which can be also calculated and is
given by [38]
∆d2 = md|md|2R′2 [K(cq) +K(−cd)] , (13)
with
K(c) ≡ 1
1− 2c
[
− 1
2c−1 − 1 +
2c−1 − 2
(2c−1 − 1)(3− 2c) +
1−2c − 2
(1 + 2c)(2c−1 − 1)
]
. (14)
One can see that ∆d1 and ∆
d
2 can be of the same parametric order only for IR localized
fermions (heavy quarks), but will be quite suppressed for light quarks.
III. FLAVOR STRUCTURE WITH FOUR FAMILIES
We now proceed to add to the scenario the remaining families of quarks and leptons,
including a new fourth generation. This will of course create a richer structure of flavor, not
only in the Higgs sector, but in the electroweak sector, where the flavor changing charged
current mediated by W bosons will now contain new vertices with the addition of t′ and b′.
The fermion wavefunctions evaluated at the TeV brane (f(c)) are now promoted to di-
agonal matrices Fˆq = diag[f(cqi)] and Fˆd = diag[f(cdi)]. Small differences in the c
′s will
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FIG. 2: Typical geographic location of quarks in RS-4GEN (RS with a fourth family) such that
large quark mass hierarchies and small mixing angles are generic. The Higgs boson and the heavier
fermions (top and fourth generation quarks and charged leptons) are localized near the TeV brane,
whereas light fermions are localized towards the Planck brane.
produce large hierarchies in the values of f(c) (i.e. geographical fermion localization in the
extra dimension), and so the matrices Fˆq,d are highly hierarchical, leading to mass hierarchies
and small mixing angles.
A. The quark mixing matrix VCKM4
The mass matrices are
mu = FQ Yu Fu, (15)
md = FQ Yd Fd, (16)
where FQ, Fu and Fd are 4 × 4 diagonal matrices whose entries are given by the values at
the IR brane of the corresponding zero-mode wave functions:
FQ =

fQ1
fQ2
fQ3
fQ4
 , Fu =

fu1
fu2
fu3
fu4
 , Fd =

fd1
fd2
fd3
fd4
 . (17)
The matrices Yu and Yd are the 5-dimensional Yukawa couplings, i.e. general 4× 4 complex
matrices. Because most of the entries in the diagonal matrices Fq are naturally hierarchical
(for UV-localized fermions), the physical fermion mass matrices mu and md will inherit their
hierarchical structure independently of the nature of the true 5D Yukawa couplings Yu and
Yd, which can therefore contain all of its entries with similar size (of order 1) and have no
definite flavor structure. This is the main idea behind scenarios of so-called flavor anarchy,
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which we consider also here, but applied to a four-family scenario. The introduction of the
fourth family is simply realized by assuming that the new fermions are localized near the
TeV brane, like the top quark, and therefore will be naturally heavy. Mixing angles should
typically be small except among the heavy fermions where large mixings could be possible.
To diagonalize the mass matrices we use
UQu mu W
†
u = m
diag
u , (18)
UQd md W
†
d = m
diag
d . (19)
One can in fact obtain a relatively simple formulation of the rotation matrices UQu , UQd , Wu
and Wd by expanding their entries in powers of ratios fi/fj, where i < j and with i = 1, 2
and j = 1, 2, 3, 4. To proceed, we first define our notation. If A is an n×n matrix, then [A]ij
represents its {ij} first order minor, i.e. the determinant of the (n− 1)× (n− 1) submatrix
obtained by removing row i and column j from A. We also use the notation [A]ij,αβ to
represent the {ij, αβ} second order minor of A, i.e. the determinant of the (n− 2)× (n− 2)
submatrix obtained by removing rows i and α, and columns j and β from the matrix A.
Keeping only the leading terms, we obtain (see [44] for the three family case):
UQu =

1
[Yu]21
[Yu]11
fQ1
fQ2
UQu13 UQu14
− [Yu]
∗
21
[Yu]
∗
11
fQ1
fQ2
1 UQu23 UQu24
[Yu]
∗
31
[Yu]
∗
11
fQ1
fQ3
− [Yu]
∗
11,32
[Yu]
∗
11,22
fQ2
fQ3
cQu sQu
− [Yu]
∗
41
[Yu]
∗
11
fQ1
fQ4
[Yu]
∗
11,42
[Yu]
∗
11,22
fQ2
fQ4
−s∗Qu c∗Qu

, (20)
UQd =

1
[Yd]21
[Yd]11
fQ1
fQ2
UQd13 UQd14
− [Yd]
∗
21
[Yd]
∗
11
fQ1
fQ2
1 UQd23 UQd24
[Yd]
∗
31
[Yd]
∗
11
fQ1
fQ3
− [Yd]
∗
11,32
[Yd]
∗
11,22
fQ2
fQ3
cQd sQd
− [Yd]
∗
41
[Yd]
∗
11
fQ1
fQ4
[Yd]
∗
11,42
[Yd]
∗
11,22
fQ2
fQ4
−s∗Qd c∗Qd

, (21)
where, in particular, we have
UQd23 = cQd
fQ2
fQ3
[Yd]11,32
[Yd]11,22
+ s∗Qd
fQ2
fQ4
[Yd]11,42
[Yd]11,22
, (22)
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UQd13 = cQd
fQ1
fQ3
[Yd]21,32
[Yd]11,22
+ s∗Qd
fQ1
fQ4
[Yd]21,42
[Yd]11,22
, (23)
where we used properties of the minors. These are needed to compute the VCKM elements
Vcb and Vub. Due to the mass hierarchy mb  mb′ , we also have the simple expansions:
cQd = v4 fQ4fd4|Y d44|/mb′ and s∗Qd = v4 fQ3fd4Y d34
∗
/mb′ e
i arg (Y d44). (24)
Since
VCKM = U
+
Qu
UQd , (25)
we can find expressions for Vus, Vcb and Vub:
Vus =
fQ1
fQ2
(
[Yd]21
[Yd]11
− [Yu]21
[Yu]11
)
, (26)
and
Vcb = cQd
fQ2
fQ3
(
[Yd]11,32
[Yd]11,22
− [Yu]11,32
[Yu]11,22
)
+ s∗Qd
fQ2
fQ4
(
[Yd]11,42
[Yd]11,22
− [Yu]11,42
[Yu]11,22
)
, (27)
and
Vub = cQd
fQ1
fQ3
(
[Yu]31
[Yu]11
+
[Yd]21,32
[Yd]11,22
− [Yu]21
[Yu]11
[Yd]11,32
[Yd]11,22
)
+s∗Qd
fQ1
fQ4
(
[Yu]41
[Yu]11
+
[Yd]21,42
[Yd]11,22
− [Yu]21
[Yu]11
[Yd]11,42
[Yd]11,22
)
. (28)
It is clear that if the 5D Yukawa matrix elements are all of order 1, then the observed
hierarchies among the CKM elements can still be explained by hierarchies among the fi
parameters. The explicit dependence on the 5D Yukawa couplings gives a more precise
prediction for the mixing angles, which will be quite useful when looking for phenomenolog-
ically viable points in parameter space. The results of such a scan are presented in the next
subsection.
B. Tree level Higgs FCNC couplings
We now extend the one-family results presented in section II to the case of four genera-
tions. To leading order in Yukawa couplings, the SM fermion mass matrix is
mˆd = FˆQYˆ
5D
1 Fˆd v4, (29)
whereˆmeans a 4× 4 matrix in flavor space. The misalignment in flavor space between the
fermion mass matrix and the Yukawa coupling matrix is defined as
∆ˆd = mˆd − v4 yˆd4 , (30)
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where yˆd4 is the 4D effective coupling matrix between the physical scalar Higgs and the
quarks.
Similarly to the one family case, the misalignment can be separated into two components,
∆ˆd1 + ∆ˆ
d
2, with (see [38])
∆ˆd1 =
2
3
mˆd
1
Fˆd
(Yˆ 5D2 )
† 1
FˆQ
mˆd
(
v34R
′2) , (31)
and
∆ˆd2 = mˆ
d
(
mˆd†Kˆ(cq) + Kˆ(−cd)mˆd†
)
mˆd R′2 (32)
The crucial observation is that mˆd and ∆ˆd are generally not aligned in flavor space.
Thus when we diagonalize the quark mass matrix with a bi-unitary transformation mˆd →
U †QLmˆ
dWd, the Yukawa couplings will not be diagonal. To be more specific, in models of
flavor anarchy, we have
(UQd ,Wd)i,j ∼
fQi,di
fQj ,dj
for i < j. (33)
Then the off-diagonal Yukawa coupling will be dominated by
Yˆ offij = −(U †dL∆ˆdWdR)ij
1
v4
∼ 2
3
fQiY¯
3fdjv
2
4R
′2, (34)
where Y¯ is the typical value of the dimensionless 5D Yukawa coupling.
Since the Higgs couplings will now contain off-diagonal entries, we must choose a conve-
nient parametrization for them. A common choice is to normalize the couplings with the
fermion masses and write the Higgs Yukawa couplings as1
LHFV = adij
√
mdim
d
j
v24
Hd¯iLd
j
R + h.c.+ (d↔ u). (35)
1. Analytical estimates of Higgs FCNC couplings in Flavor Anarchy
In this section, following the same procedure as in [38], we estimate the off-diagonal
couplings of Higgs boson to SM fermions and then we do a numerical scan over anarchical
Yukawa couplings to support our estimates.
We use Eqs. (33) and (34) to estimate the sizes of au,dij . For example, we have
ad12 ∼
2
3
fQ1Y¯
3fd2v
2
4R
′2
√
v24
msmd
∼ 2
3
λY¯ 2v24R
′2
√
ms
md
, (36)
1 This is a particular realization of the Cheng-Sher Ansatz [45].
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where λ ≈ 0.22 is the Wolfenstein parameter, and we used fq1/fq2 ∼ (UdL)12 ∼ (VCKM)12 ∼
λ. We can find the other au,dij in similar fashion. We obtain:
adij ∼ δij −
2
3
Y¯ 2v24R
′2

1 λ
√
ms
md
λ3
√
mb
md
λ3
√
mb′
md
1
λ
√
md
ms
4 λ2
√
mb
ms
λ2
√
mb′
ms
1
λ3
√
md
mb
1
λ2
√
ms
mb
12
√
mb′
mb
1
λ3
√
md
mb′
1
λ2
√
ms
mb′
√
mb
mb′
12
 , (37)
auij ∼ δij −
2
3
Y¯ 2v24R
′2

1 λ
√
mc
mu
λ3
√
v24
mtmu
λ3
√
v24
mt′mu
1
λ
√
mu
mc
4 λ2
√
v24
mtmc
λ2
√
v24
mt′mc
1
λ3
√
mu
mt
1
λ2
√
mc
mt
16
√
mt′mt
v24
1
λ3
√
mu
mt′
1
λ2
√
mc
mt′
√
v24
mt′mt
16

. (38)
The effect clearly decouples since it depends on R′2 ∼ 1
M2KK
. Taking the typical Yukawa size
Y¯ = 2 and 1/R′ = 1500 GeV, and using the known SM masses evaluated at the KK scale,
along with mt′ = 400 GeV and mb′ = 350 GeV, one can obtain the typical values of these
couplings:
adij ∼

0.96 0.03 0.01 0.14
0.04 0.86 0.01 0.15
0.13 0.19 0.57 0.45
0.01 0.007 0.003 0.57
 , (39)
auij ∼

0.96 0.16 0.15 0.09
0.008 0.86 0.04 0.02
0.01 0.04 0.42 0.05
0.007 0.03 0.003 0.42
 . (40)
Note that the results presented here are just estimates for the size of au,dij , which come without
sign or phases. However, we observe that for the third and fourth generation quarks, the
corrections to the diagonal Yukawa couplings are always negative (suppressions) if Y1 = Y2
and are larger than the previous estimates. This point was argued in [38] and we address it
again the next subsection for completeness.
An interesting feature of these matrices is the asymmetry of adij in the bLb
′
R and b
′
LbR
entries, asymmetry not shared by the up-quark matrix auij. These would produce an asym-
metry in the decays, as well as in the shift of the the vertex functions gbL, g
b
R for Z → bb¯.
This asymmetry will be typical to the (34− 43) entries and thus non-universal. We expect
the same feature in the charged lepton mass matrix.
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2. Numerical results for Higgs FCNC couplings
In order to obtain a better prediction of the typical size of the off-diagonal Yukawa
couplings, and to compare with the previous estimates we perform a scan in parameter
space. The results should be in general consistent with the rough estimates of Eqs. (39) and
(40). Some differences observed can nevertheless be explained, (see also [38]) so that one
can still be confident in the generic size of the flavor violating couplings predicted in the
flavor anarchy paradigm in RS type scenarios with four generations.
We proceed as follows:
• We fix mt′ = 400 GeV and mb′ = 350 GeV as well as SM quark masses at the KK
scale, taken to be mt = 140 GeV, mb = 2.2 GeV, mc = 0.55 GeV, ms = 5×10−2 GeV,
mu = 1.5 × 10−3 GeV, md = 3.0 × 10−3 GeV. We take the KK scale as R′−1 = 1500
GeV.
• Then we generate random complex entries for Yu and Yd, such that |Yi| ∈ [0.3, 3.5].
We also generate random fQ4 such that fQ4 ∼ O(1).
• We then obtain fQ3 from |Vub|/|Vus|/|Vcb|, fQ2 from |Vub|/|Vus| and fQ1 from |Vus|
(see Eqs. (26), (27) and (28)).
• We then obtain the right-handed down quark entries fd4 from mb′ .
• Similarly for the up right-handed matrix entries, we obtain fu1 , fu2 , fd1 , fd2 and fd3
from mu,mc,md,ms and mb. We also obtain fu3 and fu4 from mt and mt′ .
• Finally we check that the generated Yu and Yd along with the obtained Fˆq, Fˆu and
Fˆd do indeed produce the observed masses and mixings of the SM. If so we keep the
point in parameter space and continue until we obtain 1000 points which satisfy all
constraints.
• For each acceptable point, we use Eqs. (31) and (32) to compute the flavor violating
Higgs Yukawa couplings, parametrized by the aij’s as defined in Eq. (35).
We present the results of the scan as follows: we give the 25% quantile and the 75%
quantile of the obtained couplings. This means that 50% of our acceptable points contain
a coupling in between the quoted values. Also it means that 25% of the generated points
predict higher values than the range quoted, while 25% of the points predict lower values
than the range quoted.
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We find the following ranges for adij, a
u
ij matrix couplings
adij ∼

0.919− 0.987 0.025− 0.081 0.011− 0.044 0.130− 0.532
0.049− 0.148 0.827− 0.934 0.0.017− 0.059 0.249− 0.934
0.140− 0.470 0.142− 0.446 0.620− 0.819 0.873− 2.508
0.018− 0.061 0.017− 0.058 0.008− 0.120 0.375− 0.643
 , (41)
auij ∼

0.927− 1.000 0.089− 0.364 0.091− 0.410 0.139− 0.612
0.015− 0.052 0.816− 0.949 0.065− 0.197 0.092− 0.300
0.019− 0.068 0.071− 0.236 0.545− 0.772 0.127− 0.343
0.0167− 0.062 0.060− 0.191 0.064− 0.168 0.403− 0.651
 , (42)
to be compared with the rough estimates Eqs. (39) and (40).
3. Cumulative effect on diagonal Yukawa couplings when Y1 = Y2
We observe that the rough estimates are slightly smaller than the results of the scan,
specially for the third and fourth generation couplings. This was already pointed out in [38]
for the three generation case. The argument given is that due to the presence of a fourth
generation some of the coefficients will be different and typically the cumulative effect will
be larger.
We assume that Y1 = Y2
2 and consider for example the element (33) of the Yukawa
coupling in the up quark sector, i.e.
att − 1 = −2R
′2
3mt
[
U †Qumˆ
u 1
Fˆ 2u
mˆu†
1
Fˆ 2Q
mˆuWu
]
33
= −2R
′2
3mt
(
mdiagu
)
33
(
W †u
1
Fˆ 2u
Wu
)
3j
(
mdiagu
)
jj
(
U †Qu
1
Fˆ 2Q
UQu
)
j3
(
mdiagu
)
33
. (43)
First let’s look at the contribution to att when the j index is equal to 3 (i.e. in the middle
mass matrix mdiagu is mt). In this case, there will be 16 terms in phase, each proportional to
−2R′2Y¯ 2v24
3
, and it is important to realize that every one of them will be real and negative,
because (W †u
1
Fˆ 2u
Wu)33 ≥ 0. When j = 2 (mdiagu = mc) there will be 2 terms ∼ 2R
′2Y¯ 2v24
3
but
every one of them will have generically a random complex phase (the 14 remaining terms
2 This is an important choice, and without it no extra enhancements should appear. Nevertheless this
choice is natural if the Higgs boson is to be considered as a highly localized 5D scalar field, and then 5D
Lorentz invariance imposes Y1 = Y2.
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are much smaller). For j = 1 (mdiagu = mu) there is only one term ∼ 2R
′2Y¯ 2v24
3
contributing,
with the rest 15 terms being again suppressed. So, summing, the dominant contribution to
att will consist of 19 terms, 16 of which are negative and the rest 3 have random complex
phases. Generically each of these terms are of the same size ∼ 2R′2Y¯ 2v2
3
so from a statistical
argument, att− 1 should receive a negative contribution ∼ −16
(
2R′2Y¯ 2v2
3
)
. This cumulative
effect is confirmed by the numerical scan.
One can perform the same analysis for the rest of elements of the Yukawa matrix, in-
cluding the off diagonal ones, and realize that typically there are a number of aligned terms
in each case which enhances the naive estimate by an O(1) factor (which can be estimated
also). This fact gives us confidence that both our scan and our estimates are consistent and
that our numerical results predict correctly in this scenario the generic size of the flavor
violating couplings in the Higgs sector.
4. Higgs FCNC couplings in the lepton sector
We proceed in a similar fashion to evaluate Higgs flavor violation in the lepton sector.
The difficulty with the lepton sector is that mixing matrices are not well-established here.
The neutrinos can be either Dirac or Majorana, the charged lepton mixing matrix (PMNS)
is not as well established as the CKM matrix, and there are several mechanisms to explain
the large mixing angles and light masses for the neutrinos (see for example [46, 47]). For all
cases, the Lagrangian can then be parametrized as:
LHFV = alij
√
mlim
l
j
v24
HL¯iej + h.c. (44)
Following [38, 47], we analyze two types of scenarios. Depending on the neutrino model, the
left-handed charged lepton profiles can be either hierarchical and UV localized, or similar
and UV localized. The profiles of the right-handed charged leptons are always hierarchical
and localized near the UV brane. We outline both cases below.
• (A) In the case where the left-handed and right-handed profiles are hierarchical, they
satisfy the following relations:
f iLf
i
e ∼
mli
Y¯ v4
, (OL,e)
i,j ∼ f
i
L,e
f jL,e
, i < j. (45)
where fL,e are profiles of the left-handed and right-handed fields and (OL,e)
i,j is the
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intergenerational mixing. Then the alij become:
alij ∼
2
3
Y¯ 2(v24R
′2)
√
f iLf
j
e
f jLf
i
e
. (46)
This alij are maximal when
f iL
f jL
∼ f
i
e
f je
∼
√
mli
mlj
, i.e., when the hierarchy of charged
lepton masses gets equal contributions from the left-handed and right-handed fields.
• (B) If right-handed profiles are hierarchical and left-handed profiles are similar, f 1L ∼
f 2L ∼ f 3L, the profiles satisfy the following relations:
f iLf
i
e ∼
mli
Y¯ v4
,
f iL
f jL
∼ O(1), f
i
e
f je
∼ m
l
i
mlj
, i < j, (47)
and the the parameter alij becomes:
alij ∼
2
3
Y¯ 2(v24R
′2)
√
f je
f ie
. (48)
These flavor violating Higgs Yukawa couplings to leptons can also lead to interesting
collider signals for the decays of the fourth generation leptons, as discussed in the next
section.
C. Tree Level Z0 flavor violating couplings
FCNC couplings of the Z0 boson have been studied before in the context of warped
scenarios with 3 generations [44]. These couplings arise basically from two sources. First,
the bulk profiles of the lowest-lying massive gauge bosons (the SM Z0 and W 0) are not flat,
yielding non-trivial and non-universal overlap integrals with the fermion profiles. Second,
even if the Z0 and W 0 profiles were flat, there would still be a non-universal correction to
these couplings due to misalignments in the fermion kinetic terms. In fact the correction
has the exact same origin as the misalignment ∆ˆd2 in the Higgs sector shown in Eq. (32).
For light quarks, the first source of misalignment dominates due to Yukawa suppression
of the fermion kinetic term misalignments. But for heavier quarks, and specially fourth
generation quarks, this last source of flavor should dominate and this is the one we consider
in the following.
We can write the couplings of fermions with Z0 as:
LZ =
[
gL δij +
(
δˆgL
)
ij
]
d¯iLZ/ d
j
L +
[
gR δij +
(
δˆgR
)
ij
]
d¯iRZ/ d
j
R + (d↔ u), (49)
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where gL =
g
cos θW
(T3 − Q sin θW 2) and gR = g
cos θW
Q sin θW
2 are the usual diagonal SM
couplings with g the SU(2)L coupling constant, and Q and T3 the charge and the isospin of
the quark in question. The corrections coming from the kinetic term misalignment are, for
the down quarks,
δˆkingL = −
gT d3
cos θW
mˆd†Kˆcqmˆ
d R′2, (50)
δˆkingR =
gT d3
cos θW
mˆdKˆcdmˆ
d† R′2. (51)
where mˆd is the fermion mass matrix before diagonalization, R′−1 is the KK scale and Kˆ
is a diagonal matrix whose entries K(c) were defined in Eq. (14). Upon diagonalization of
the fermion mass matrix in order to go to the physical basis, these corrections will not be
diagonal and will produce flavor violating coupling for the Z0 boson. The same mechanism
applies in the up-sector.
Once in the physical basis, we can parametrize the off-diagonal quark couplings in the
Lagrangian by
(
au,dL
)
ij
and
(
au,dR
)
ij
, with
LZFV = − gT
d
3
cos θW
[(
adL
)
ij
d¯iLZ/ d
j
L −
(
adR
)
ij
d¯iRZ/ d
j
R
]
+ (d↔ u). (52)
The Z0 FCNC couplings
(
au,dL
)
ij
,
(
au,dR
)
ij
can then be obtained from the same scan used
to obtain numerical values for the Higgs FCNC couplings. For example, for the (43) entries
in the up and down sector, we find typical ranges
(auL)43 = 0.00350− 0.0176, (auR)43 = 0.0274− 0.0952, (53)
(adL)43 = 0.00356− 0.0161, (adR)43 = 0.0209− 0.0830. (54)
To obtain these values we followed the same procedure explained previously in the subsection
“Numerical results for Higgs FCNC couplings”.
IV. PHENOMENOLOGY
A. Bounds on Higgs-mediated FCNC couplings
The off-diagonal Higgs Yukawa couplings induce FCNC, which affect many low energy
observables and also give possible signatures at colliders. In this section, we discuss first
bounds on Higgs flavor violation coming from tree-level processes ∆F = 2, such as K − K¯,
B − B¯, D − D¯ mixing. We then study the effects on loop processes, such as b and t flavor-
changing decays, as well as on Z → bb¯, τ+τ−. The radiative processes are enhanced due to
heavy quarks in the loop, and strong off-diagonal Yukawa couplings.
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1. Tree-level processes
The ∆F = 2 process can be described by the general Hamiltonian [25, 48]
H∆F=2eff =
5∑
a=1
CaQ
qiqj
a +
3∑
a=1
C˜aQ˜
qiqj
a , (55)
with
Q
qiqj
1 = q¯
α
jLγµq
α
iLq¯
β
jLγ
µqβiL, Q
qiqj
2 = q¯
α
jRq
α
iLq¯
β
jRq
β
iL, Q
qiqj
3 = q¯
α
jRq
β
iLq¯
β
jRq
α
iL, (56)
Q
qiqj
4 = q¯
α
jRq
α
iLq¯
β
jLq
β
iR, Q
qiqj
5 = q¯
α
jRq
β
iLq¯
β
jLq
α
iR,
where α, β are color indices. The operators Q˜a are obtained from Qa by exchange L ↔ R.
For K − K¯ , Bd − B¯d, Bs − B¯s, D − D¯ mixing, qiqj = sd, bd, bs and uc respectively.
Exchange of the flavor-violating Higgs bosons gives rise to new contribution to C2, C˜2 and
C4 operators [49]. These contributions have been included in [38], and the basic bounds on
the coefficients are not altered. We present them here, for completeness, in a more general
fashion, with no relation to the possible numerical values of the entries in the Higgs Yukawa
mass matrix. We use the model-independent bounds on BSM contributions as in [25], and
present coupled constraints on the Higgs flavor violating Yukawa couplings parametrized by
the aij couplings and the Higgs mass mh.
• K0 − K¯0 mixing
The coefficients C2, C˜2 and C4 will set limits on the real and imaginary of the Yukawa
couplings ad12, a
d
21, and their product. Specifically, for the values of parameters used
in the previous sections, we obtain, from ∆MK , respectively:
|(ad12)|
(
400 GeV
mh
)
≤ 0.62, |(ad21)|
(
400 GeV
mh
)
≤ 0.62, (57)
|(ad12ad21)|
(
400 GeV
mh
)2
≤ (0.35)2.
The bounds obtained from K are very stringent, and restrict the phases of the off-
diagonal Higgs Yukawa couplings:
Im(ad12)
2
(
400 GeV
mh
)2
≤ (4.6× 10−2)2 , Im(ad21)2(400 GeVmh
)2
≤ (4.6× 10−2)2
Im(ad12a
d
21)
(
400 GeV
mh
)2
≤ (2.2× 10−2)2 (58)
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• D0 − D¯0 mixing
The D0− D¯0 mixing constrains the (12, 21) off-diagonal entries in the up-quark flavor
changing mixings.
|(au12)|
(
400 GeV
mh
)
≤ 0.71, |(au21)|
(
400 GeV
mh
)
≤ 0.71,
|(au12au21)|
(
400 GeV
mh
)2
≤ (0.47)2 . (59)
• B0d − B¯0d mixing
The mass mixing in the B0d − B¯0d is fairly constrained, resulting in bounds on the
(13, 31) entries in the down-quark flavor changing mixings.
|(ad13)|
(
400 GeV
mh
)
≤ 0.54, |(ad31)|
(
400 GeV
mh
)
≤ 0.54,
|(ad13ad31)|
(
400 GeV
mh
)2
≤ (0.35)2 . (60)
• B0s − B¯0s mixing
The mass mixing in the B0s − B¯0s is less restricted than in the B0d sector, resulting in
bounds on the (23, 32) entries in the down-quark flavor changing mixings. At first,
these bounds may not appear useful; however, one must note that the matrix entries
aij are not otherwise constrained (e.g., by unitarity).
|(ad23)|
(
400 GeV
mh
)
≤ 1.1, |(ad32)|
(
400 GeV
mh
)
≤ 1.1,
|(ad23ad32)|
(
400 GeV
mh
)2
≤ (0.64)2 . (61)
With the exception of K , these bounds are not too restrictive over the estimated size of
the flavor violating couplings of the Higgs as our numerical evaluation show, even for lighter
mh ' 200 GeV.
In what follows, we compare the tree-level bounds with precision bounds coming from
loop-generated processes including a heavy fermion in the loop.
2. One-loop processes
We evaluate flavor-violating radiative type processes of the form qi → qjγ, and li → ljγ
as well as Z → bb¯ and Z → τ+τ−. Though occurring at one-loop level, these processes
are tightly constrained experimentally. For a recent calculation of these warped penguin
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FIG. 3: Generic loop diagrams enhanced by FCNC couplings between Higgs boson and 4th gen-
eration fermions. Here F stand for a 4th generation quark (or lepton), while fi, fj are 2nd or 3rd
generation quarks (or leptons). The left-hand side graph is the vertex diagram, while the other
two are self-energy diagrams.
diagrams due to radiative exchanges of heavy KK states see [50]. In our scenario each
process receives additionally non-universal contributions from the fourth generation quarks
or leptons and Higgs bosons running in the loop.
The contribution is enhanced for couplings with the third generation, as the FCNC cou-
plings are larger. The basic process is illustrated in Fig. 3, where F represent fourth
generation quarks or leptons, fi, fj, second or third generation quarks or leptons, and h is
the Higgs boson . For instance, for b → sγ, F = b′, fi = b and fj = s quarks, while for
Z → τ+τ−, F = τ ′, and fi = τ+, fj = τ−. We analyze each process in detail.
• b→ sγ induced by Higgs FCNC couplings.
The decay rate of b→ sγ is
Γ(b→ sγ) = 〈M
2〉
16pim3b
√
m4b +m
4
s − 2m2bm2s. (62)
where the most dominant term in the matrix element M2 is
〈M2〉 = em
4
b′mbms
(24pi2v24)
2
|ad42ad34|2(m4b +m4s − 2m2bm2s)C20
(
P 21 , P
2
2 , (P1 + P2)
2,m2b′ ,m
2
h,m
2
b′
)
,
(63)
and where C0 is a three point integral as defined in Looptools [51] (see Appendix A
for a more detailed calculation).
Using the experimental value of the branching ratio of B¯ → Xsγ
Br(B¯ → Xsγ) = (3.55± 0.24± 0.09)× 10−4, (64)
we can put a bound on aij’s such that |ad42ad34| ≤ 1.3. This is a very conservative
bound. If we require the branching ratio to be the sum of the SM and the new physics
contribution, and use the NLO result Br(B¯ → Xsγ)Eγ>1.6 GeV = (3.60± 0.30)× 10−4
[52], we obtain |ad42ad34| ≤ 0.45. These values start to be quite restrictive, as compared
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to the expected size predicted by our scenario |ad42ad34| ' 0.85 (obtained from our
numerical scan).
• τ → µγ, τ → eγ, µ→ eγ induced by Higgs FCNC couplings
The same operators will contribute to lepton FCNC decays. The experimental limits
on these processes are [24]
Br(τ → µγ) ≤ 4.4× 10−8,
Br(τ → eγ) ≤ 3.3× 10−8,
Br(µ→ eγ) ≤ 1.2× 10−11. (65)
The Higgs mediated diagrams with a heavy τ ′ in the loop will yield limits on the alij
parameters. Specifically, we get
|al34al42| ≤ 0.11, |al34al41| ≤ 1.45, |al24al41| ≤ 0.002. (66)
We also calculated the alij values by using the two different scenarios. In scenario (A)
where both the left-handed and right-handed profiles are hierarchical, we have
|al34al42| = |al34al41| = |al24al41| ' 0.0065. (67)
However, in scenario (B) where right-handed profiles are hierarchical and left-handed
profiles are not, we get
|al34al42| ' 0.0016, |al34al41| ' 0.00011, |al24al41| ' 0.00045. (68)
Using the alij values in scenario (A) and Y¯ = 3 we calculated the branching ratios as
Br(τ → µγ) = 1.4× 10−10, Br(τ → eγ) = 6.7× 10−13 and Br(µ→ eγ) = 6.2× 10−11.
For scenario (B) (keeping Y¯ = 3) we have Br(τ → µγ) = 7.8 × 10−12, Br(τ → eγ) =
1.9 × 10−16 and Br(µ → eγ) = 2.9 × 10−13. The predicted size of flavor ciolating
τ decays lies just below experimental bounds, but the branching ratio for µ → eγ
is above the experimental bounds in scenario (A), and therefore sets some bounds
or pressure on our scenario. More stringent limits can be set when (expected) new
experimental results become available.
• t→ cγ induced by Higgs FCNC couplings
Using the formalism from b→ sγ we can estimate the branching ratio for t→ cγ. We
obtain
Br(t→ cγ) = 1.55× 10−9
[
|au42au34|2 + |au43au24|2 + 0.25< (au24au43au42au34)
]
. (69)
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which for our values of the scanned Higgs couplings becomes Br(t→ cγ) = 1.33×10−12,
too small to be detected anytime soon, and comparable to the SM estimate Br(t →
cγ) = 4.5× 10−13 [53].
• Z → bb¯ decay and Z → τ+τ−
For completeness we also computed the loop corrections to Z → bb¯ decay and Z →
τ+τ−. The b′ and τ ′ running in these loops make these diagrams larger than the
corresponding case with three generations but are still too small to place any useful
bound on the Higgs FCNC couplings. (See Appendix A for details.)
3. Higgs production and decay
The Higgs emerging in RS with 4 generations is in fact quite similar to the SM Higgs
with 4 generations (SM4). The tree level couplings are still proportional to the masses of
the particles it couples to. One of the main differences between four generations and three
generations, from the Higgs perspective, is the new radiative contributions to the coupling of
Higgs to photons and gluons. This last coupling is typically enhanced by a factor of ∼ O(3)
(due to three heavy quarks running in the loops instead of only the top quark), and since
the Higgs is mainly produced through gluon fusion at hadron colliders, one expects roughly
an enhancement in production cross section of ∼ O(9). Of course this enhancement must
be carefully calculated as it is still sensitive to the relative mass between the Higgs and the
heavy quarks. In any case the production cross section of this Higgs with four generations
will allow the appearance of many more Higgs bosons than predicted by the minimal SM.
Therefore the SM Higgs bounds from Tevatron now become quite stringent, and even early
LHC data allows exclusions in the parameter space [54, 55]. In particular it seems that a
Higgs mass smaller than 200 GeV is already excluded by hadron collider bounds (assuming
that no new decay channels exist for the Higgs). We will take 200 GeV as a lower bound for
our Higgs scalar and study the possible decay channels that such a heavy Higgs could have.
The bands represent 50% likelihood for the branching ratio, as given in our numerical scan.
(That is, 25% of all the parameter points from the numerical scan lie below and 25% lie
above the shown interval.) The results are shown in Figure 4, where the branching fraction
for each channel is presented. Not surprisingly the dominant decay modes for such a heavy
Higgs (mh > 200 GeV) are the usual decay channels, namely h → W±W∓ and h → Z0Z0
where both W pairs and Z0 pairs are on-shell. These are the same dominant channels as
in the SM; of course once above threshold the Higgs should also decay into pairs of heavy
fermions. The typical expectation for models with four generations is that Higgs decays
into tt¯, t′t¯′, b′b¯′, τ ′+τ ′− (fourth generation charged lepton pair) or ν ′τν
′
τ (fourth generation
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FIG. 4: Decay branching fractions of the Higgs scalar in a warped scenario with four generations of
fermions. The bands represent 50% likelihood for the branching ratio, according to our numerical
scan, as explained in the text. The gray region below 200 GeV is excluded by both Tevatron and
LHC. The flavor anarchy setup (masses and mixings explained through fermion localization, with
random 5D Yukawa couplings) predicts generic FV couplings of the Higgs, leading to a few new
interesting decay channels such as h → bb′ and h → ττ ′. The masses chosen for this plot are
mb′ = 350 GeV, mt′ = 400 GeV, mτ ′ = 160 GeV and mN4 = 250 GeV (N4 ≡ ν ′τ ), and the KK
scale is (R′)−1 = 1500 GeV.
neutrino pair) will all have branchings similar to the branching of h → tt¯, given that the
masses of these fermions should typically be in the hundreds of GeV (except maybe the ν ′τ ).
That yields branching fractions at the 10% level, and this is confirmed in Figure 4.
The new and very interesting result is the prediction of sizable branching fractions for
exotic decays of the Higgs into fermion pairs of different flavor. In particular we observe
that h → ττ ′, h → bb′ and h → tt′ are among the most important new flavor violating
channels, a fact not surprising since for heavier fermions one expects larger couplings to the
Higgs. An interesting remark for these new channels is that the threshold mass at which
they become kinematically allowed is basically set by the mass of the heaviest fermion. This
means that while some or most of the flavor diagonal decays into fermions might be closed,
there are good chances of an open channel such as h → ττ ′ or h → bb′. For the chosen
parameters (KK scale of 1/R′ = 1500 GeV and typical 5D Yukawa couplings of O(2)) we
obtain generic flavor violating Higgs couplings which place the branching ratios of these
exotic decay modes on the order of 10−2. Note that since the flavor violating couplings scale
as (Y¯ R′)2, the branching ratios should in turn scale as (Y¯ R′)4, showing great sensitivity to
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both the 5D Yukawa couplings and the KK scale.
The production cross section at the LHC of a heavy Higgs of 200 − 400 GeV, in a
scenario with fourth generation quarks is expected to be about 50 − 70 pb [24]. Since
the new exotic decays have branching ratios at the percent level, one expects the cross
section of these modes to be somewhere near 500 fb. This means that with 1 or 2 fb−1 of
integrated luminosity at the LHC (early stages) one could have at least a few hundred of
these events. Of course given the large production cross section, there would be no problem
in quickly discovering the Higgs via the four lepton mode (h → Z0Z0 → 4l) or maybe
through (h → W±W∓). With the Higgs mass properly set, a complementary search for
some of the new exotic channels should be much easier.
Of particular interest is the mode h → ττ ′ since it may actually compete as the main
production mechanism for the fourth generation charged lepton. If mh < 2mτ ′ , the decay
into pairs of τ ′ is forbidden and so the other possible production for heavy leptons is through
s-channel processes involving electroweak bosons [56] and their KK partners [32]. The typical
cross section for τ ′ − ν ′τ production via s-channel W is 10− 100 fb [56], which means that
the flavor violating production through s-channel on-shell Higgs of τ±τ ′∓ can be a few times
larger than this. The subsequent decay of the τ ′∓ → ν ′τW∓, and then of ν ′τ → Wl should
give a signal of pp→ h→ τ±τ ′∓ → τ±W∓Wl, where all particles are produced and decayed
on-shell. The signs of the second W and the charged lepton l is not fixed and depends on
the nature of ν ′τ . One would look for same sign dilepton events coming from leptonic decays
of the first W along with the last lepton of the chain. This type of signature is quite clean
thanks to the minimal background and would in principle allow for easy confirmation of the
signal, which could become the discovery signal for the τ ′ along with the confirmation of
Higgs flavor violating couplings.
Another interesting decay mode, if kinematically allowed is h → bb′, where the b′ would
subsequently decay as b′ → qW or b′ → b Z0. In the first possibility, q stands for t if
kinematically allowed, and for c or u. The partial width of these channels depend on the
size of the CKM4 angles Vtb′ , Vcb′ and Vub′ which are typically constrained to be small [26]. A
channel which could compete is b′ → b Z0, since in the RS scenario under study these flavor
violating couplings appear at tree-level, in a similar fashion as in the Higgs sector [5, 44].
Thus depending on the decay branching ratios of the b′ heavy quark (see next section) the
events could be pp → h → bb′ → bW−t → bbW±W∓ or pp → h → bb′ → bW−j or
pp→ h→ bb′ → bbZ0. A careful study of these signals and their background is beyond the
scope of this work, but we should mention that a clear prediction of our scenario is that
the h − b − b′ coupling is highly asymmetric (see Eq. (37)) with a definite preference for
h→ b′RbL decay over the h→ b′LbR. Thus one should also look for the angular correlations
in the signals in order to search for this asymmetric property of the couplings (see refs. [57]
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for studies along these lines).
4. Heavy fermion decays
• Heavy quark decays
If the Higgs masses are lighter than the masses of the fourth generation fermions, channels
in which the heavy fermions decay to the Higgs boson and a fermion from one of the lighter
families are open. Pair production of heavy quark flavors is expected to have a cross section
of ∼ 4− 4.5 pb for a mass of 500 GeV3 at the LHC with √s = 14 TeV [58], thus should be
within reach, and their properties would then become apparent. As the FCNC couplings of
the Higgs to the fermions are proportional to fermion masses, the dominant decays would
be to the third generation fermions. The flavor violating couplings of Higgs will lead to
tree-level decays t′ → th and b′ → bh in the kinematically allowed regions mt′ > mh + mt
and mb′ > mh +mb. The decay rates for these processes are calculated as
Γ(Qj → qih) = 1
16pim3j
√
m4i +m
4
j +m
4
h − 2m2im2j − 2m2im2h − 2m2jm2h
×
[
(| au(d)ij |2 + | au(d)ji |2)(m2j +m2i −m2h) + 4<(au(d)ij au(d)ji )mimj
]mimj
v24
. (70)
These decays can have significant decay width, and branching ratios. By comparison, the
other dominant two body decay modes are t′ → bW and b′ → tW , given by [59]
Γ(Qj → qiW ) = α |Vji|
2
16M2Wm
3
j
√
m4i +m
4
j +M
4
W − 2m2im2j − 2m2iM2W − 2m2jM2W
×
(
m4i +m
4
j − 2M4W − 2m2im2j +m2jM2W ,
)
, (71)
by substituting the corresponding quarks in the two body decays. The flavor-changing
couplings of quarks to the Z0 boson allow FCNC quark decays via the process Q → qZ0.
The branching ratio is [44]
Γ(Qj → qiZ0) = αT
2
3
8M2Z cos
2 θWm3j
(√
m4i +m
4
j +M
4
Z − 2m2im2j − 2m2iM2Z − 2m2jM2Z
)
×
{(
m2j −m2i
)2
+M2Z
(
m2j − 2M2Z
) [ ∣∣∣(au,dL )
34
∣∣∣2 + ∣∣∣(au,dR )
34
∣∣∣2 ]
+ 12mim
3
j <[
(
au,dL
)∗
34
(
au,dR
)
34
]
}
, (72)
3 The cross sections are estimated based on QCD effects only, and are based on approximate knowledge of
PDF, thus should be only seen as indicative.
25
with T3 the third quark isospin component and with the flavor-changing couplings a
u,d
L and
au,dR as defined in given as in Eq. (52). We define the total width to be the sum of the
dominant two body-decays
Γ(Qj → 2X) = Γ(Qj → qiW ) + Γ(Qj → qih) + Γ(Qj → qiZ0). (73)
Although the decays Qj → q′iW , Qj → qiZ and Qj → qih, i = 1, 2 should be subdominant
due to CKM and Yukawa suppression, for completeness we include them in our numerical
calculations and plots.
In Figure 5 we illustrate the branching ratios for the t′ quark for mh = 200 GeV (still
allowed by present bounds on the Higgs in the presence of four generations [55]) for two
choices of KK mass scales, R′−1 = 1.5 TeV and R′−1 = 3 TeV, and for two choices of
the CKM4 mixing involved here, i.e Vt′b = 0.1 and Vt′b = 0.3. The latter will affect the
tree-level decay t′ → bW , typically assumed to be the dominant decay for the usual choice
mt′ −mb′ <∼ 50 GeV. The characteristic bands appearing in these figures are due to the fact
that the flavor violating couplings for both Higgs and Z0 are obtained from numerical scans,
performed for different values of the heavy quark masses. To visualize the generic region in
parameter space that the branchings should cover, we show the interval of couplings inside
which 30% of all the generated points lie, such that 35% lie below that interval and 35% lie
above. This procedure will define “bands” in the figures which should be understood as the
generic region predicted by flavor anarchy, containing 30% of the random points (with 35%
of the points lying above the band and 35% lying below).
We compare the dominant branching ratios for tree level decays: t′ → bW , t′ → t h
and t′ → t Z0, and also the subdominant decays t′ → q′W , t′ → q Z and t′ → q h with
q′ = d, s and q = c, u. Compared to these tree-level decays, the branching of loop-induced
processes such as Br(t′ → t γ) ' O(10−7) are much smaller. In all three plots we observe
the importance of the decay rate t′ → t h, which will generically dominate for a KK scale
of 1.5 TeV and a moderate CKM4 entry Vt′b = 0.1. By increasing the KK scale or Vt′b, the
branching of t′ → bW is enhanced, but we observe that the decay into Higgs and bottom
remains well above the 20% branching in the worst case considered. In general one can see
that the flavor violating decays of the t′ are significant for all parameter values chosen, and,
as long as they are kinematically allowed, they clearly dominate over the intuitive channel
t′ → bW . Of course, the effect depends on (R′2Y¯ 2)2 and will decouple for a large enough
increase of the KK scale R′−1. Therefore, which decay is dominant depends sensitively on
the KK scale R′−1 and also on the CKM mixing Vt′b. In particular, for R′−1 = 1.5 TeV
and Vt′b = 0.1 (a value favored in the fits of [26]), the branching ratio for t
′ → t h seems
to be predicted to be dominant and about twice as large as the one for t′ → bW over the
allowed parameter space. While for R′−1 = 3 TeV and Vt′b = 0.1, the branching ratio for
26
BRHt'®thL
BRHt'®bWL
BRHt'®tZL
BRHt'®WqL
BRHt'®qZL BRHt'®qhL
200 300 400 500 600 700
0.001
0.01
0.1
1
mt' HGeVL
B
R
Ht
'
-
>
2X
L
BRHt'®thL
BRHt'®bWL
BRHt'®tZL
BRHt'®WqL
BRHt'®qhL
200 300 400 500 600 700
0.001
0.01
0.1
1
mt' HGeVL
B
R
Ht
'
-
>
2X
L
BRHt'®thL
BRHt'®bWL
BRHt'®tZL
BRHt'®WqL
BRHt'®qhL
200 300 400 500 600 700
0.001
0.01
0.1
1
mt' HGeVL
B
R
Ht
'
-
>
2X
L
FIG. 5: Branching ratios for 2-body t′ decays with CKM4 mixing angle Vt′b = 0.1 and KK scale
R′−1(≡ MKK) = 1.5 TeV (left panel), Vt′b = 0.3, R′−1 = 1.5 TeV (middle panel) and Vt′b =
0.1, R′−1 = 3 TeV (right panel). We take Vt′s = Vt′d = 0.01 and mh = 200 GeV throughout.
The bands represent 30% likelihood for the branching ratio, according to our numerical scan, as
explained in the text.
t′ → t h is now predicted to be about two to three times smaller than that of t′ → bW . For
the intermediate choice, R′−1 = 1.5 TeV and Vt′ b = 0.3 the branching ratio for t′ → bW
overlaps with that for t′ → t h over a significant range of parameter space.
In all three plots, the flavor violating decay t′ → tZ0 is subdominant, yet non-negligible
either, with possible branchings ranging from about 1% to 10%. This channel becomes
specially interesting when the decay into Higgs is kinematically forbidden, namely for t′
masses below the threshold mt +mh ' 370 GeV, but the decay into top and Z is open.
We also include the suppressed decays t′ → qi h, t′ → qi Z0 and t′ → qjW, i, j = 1, 2.
The Z0 decay width is sometimes too small and its branching ratio falls below 10−3, which
is why it does not appear in the plot. We take a generic value for Vt′qj = 0.01 and include
FCNC coefficients au4i(i4), (a
u
L)4i(i4) from our scan.
Thus the decay t′ → t h, if kinematically allowed, is a promising channel for observing t′
pair production as well as a novel Higgs pair production channel, in the subsequent decays
of the heavy quarks.
It may even be possible to see simultaneously the two dominant decays4 if the branching
4 One might also be able to observe the decays t′ → tZ0 even if clearly subdominant over the parameter
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ratios happen to be of similar size, giving rise to interesting pair production processes and
decays:
• pp→ t′t′ → tthh
• pp→ t′t′ → bbWW
• pp→ t′t′ → tbhW
all potentially accessible and thus providing an indirect confirmation (or at least a consis-
tency check) of the warped extra dimensional model and its parameter space. In particular,
the relative importance of these signals would provide valuable hints on the size of the KK
scale as well as of the CKM4 angle Vt′b. Note also that if the KK scale is such that R
′−1 = 1.5
TeV, the lightest KK particle in the minimal scenario would have a mass of O(3 TeV) and
may escape detection at the LHC, while the exotic flavor violating decays (caused by the
presence of KK particles) of the fourth generation quarks would still be observable.
We perform the same analysis for the decays of the b′ quark as shown in Fig. 6. As before,
we choose three parameter combinations for the KK scale and for the main CKM4 mixing
angle involved in these decays, i.e R′−1 = 1.5 TeV and Vtb′ = 0.1, then R′−1 = 1.5 TeV and
Vtb′ = 0.3, and finally R
′−1 = 3 TeV and Vtb′ = 0.1. The dependence of the branching ratios
of FCNC decays of the b′ quark is more or less similar to the corresponding ones for the t′
quark, with the decay b′ → b h dominating over all others for R′−1 = 1.5 TeV and Vtb′ = 0.1,
while for the two other parameter choices the decay b′ → tW has the largest width for
mb′ ≥ 250 GeV (although it overlaps with b′ → b h for Vtb′ = 0.3, R′−1 = 1.5 TeV).
The flavor violating decays b′ → b h, b′ → b Z0 have a lower kinematic threshold than
t′ → t h and therefore can happen for b′ masses just above the Higgs (or Z0) mass. But
the W-mediated decays of the b′ start at a larger mass threshold than in the previous CKM
decays of the t′, since charged current decays of b′ will involve a top quark and a W , both
heavy. This means that in the low b′ mass region, the FCNC decays start dominating. Of
course as the mixing angle Vtb′ is increased, the relative importance of the charged current
decay grows as expected. As before, we include the CKM4 and adij, (a
d
L)ij suppressed decays
b′ → qi h, b′ → qi Z0 and b′ → qjW, i, j = 1, 2, with a generic value for Vb′qj = 0.01 and
including the FCNC couplings ad4i(i4), (a
d
L)4i(i4) from our scan.
Again, the b′ → h b decay will be very important in all the parameter points considered,
being dominant for low KK scale and small CKM4 mixing angles, and then competing with
the decay b′ → tW when KK scale or Vtb′ are increased. The decay b′ → b Z0 is suppressed
relative to the other two, but still important, with branching ratios reaching 1% -6%.
space.
28
BRHb'®bhL
BRHb'®tWL
BRHb'®bZL
BRHb'®WqL
BRHb'®qZL
BRHb'®qhL
200 300 400 500 600 700
0.001
0.01
0.1
1
mb' HGeVL
B
R
Hb
'
-
>
2X
L
BRHb'®bhL
BRHb'®tWL
BRHb'®bZL
BRHb'®WqL
BRHb'®qZL
BRHb'®qhL
200 300 400 500 600 700
0.001
0.01
0.1
1
mb' HGeVL
B
R
Hb
'
-
>
2X
L
BRHb'®bhL
BRHb'®tWL
BRHb'®bZL
BRHb'®WqL
BRHb'®qZL
BRHb'®qhL
200 300 400 500 600 700
0.001
0.01
0.1
1
mb' HGeVL
B
R
Hb
'
-
>
2X
L
FIG. 6: Branching ratios for 2-body b′ decays with CKM4 mixing angle Vtb′ = 0.1 and KK scale
R′−1(≡ MKK) = 1.5 TeV (left panel), Vtb′ = 0.3, R′−1 = 1.5 TeV (middle panel) and Vtb′ =
0.1, R′−1 = 3 TeV (right panel). We take Vcb′ = Vub′ = 0.01 throughout as well as mh = 200 GeV.
The bands represent 30% likelihood for the branching ratio, according to our numerical scan, as
explained in the text.
As before, we include the CKM and Yukawa suppressed decays b′ → q′W , b′ → qh and
b′ → qZ, with q′ = u, d and q = s, d. Again, FCNC decays of b′ through Higgs or Z0 bosons
would provide an indirect indication of the warped space scenario, even for large KK scales
such as R′−1 = 3 TeV. From the plots one see that it may again be possible to observe at
the same time the dominant decay modes of the b′ quark (since these are produced in pairs).
For a lighter b′, below the threshold for b′ → tW , i.e. m′b < 250 GeV one sees that the
FCNC decays into Higgs and into Z0 might dominate over decays into W and light quarks
(and hence might substantially alter the current experimental bounds on the b′ mass where
CKM decays are assumed). In that situation it may be possible to observe a mixture of
events:
• pp→ b′b′ → bbhh
• pp→ b′b′ → bbZZ
• pp→ b′b′ → qWqW
• pp→ b′b′ → qWbh
• pp→ b′b′ → bZbh
• pp→ b′b′ → bZqW
Of these, the events containing a Higgs would be the cleanest by far, since the Higgs
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itself should decay into WW or ZZ giving rise to events with many gauge bosons.
For a heavier b′, it appears that two modes should dominate, namely the FCNC decays
onto Higgs and the decays into a W and a top quark (due to our assumption of Vtb′ being
the largest of the CKM4 mixing angles involved). The possible mixed events could now be
• pp→ b′b′ → bbhh
• pp→ b′b′ → tWtW
• pp→ b′b′ → tWbh
All events would be easy to identify at the LHC and their relative importance would
provide again valuable information on the model parameters of this scenario.
• Heavy lepton decays
Once the τ ′ lepton is produced at a collider, its FCNC decay will proceed in the same manner
as that of the b′ quark. As the mass bounds on new τ ′ leptons and ν ′τ neutrinos are close, it
may be that the decay τ ′ → Wν ′τ is kinematically forbidden, and the decay of τ ′ to lighter
neutrinos (τ ′ → Wνi, i = 1, 2, 3) depends on the specific model of neutrino masses and
mixing and may be suppressed. Thus the FCNC decays τ ′ → hτ , and τ ′ → τZ0 could be
the most dominant decays. Since we are assuming that mh + mτ < mτ ′ , the production of
τ ′ should happen via s-channel W bosons and KK partners, and therefore would typically
come with associated production of ν ′τ (if the mixing to lighter neutrinos is smaller).
The subsequent FCNC decays of τ ′ should be easily disentangled at the LHC as we would
obtain several possible processes with many leptons, such as pp→ τ ′ντ → τhWl for the case
of τ ′ → τh decays. The Higgs, being heavier than 200 GeV, should mainly decay into pairs
of gauge bosons giving rise to final states of WWWlτ or ZZWlτ , i.e. three gauge bosons,
one light lepton and a τ , a clean enough signal at hadron machine. These might give rise to
same-sign dilepton events, trilepton events, and pushing it, to 6 leptons plus τ events, when
every boson decays leptonically.
In the case of τ ′ → τZ0 decays, one would similarly obtain processes like pp → τ ′ντ →
τZWl. Again one might observe same-sign dilepton events, trilepton events and when the
all bosons decay leptonically one could obtain events with four leptons and a τ .
As in the previous section, a realistic analysis of these signals is beyond the scope of
this work, however, it seems clear that it would not be hard to disentangle them, as the
branching ratios are subdominant to τ ′ → hτ , but nonetheless significant.
30
V. CONCLUSIONS AND OUTLOOK
In this work we analyzed the effects of Higgs flavor-violating couplings in the framework
of warped extra dimensions on a fourth generation of quarks and leptons. In this model, the
Higgs Yukawa couplings are misaligned with the fermion mass matrices, and this effects is
even more pronounced in a model with a sequential fourth fermion family, due to cumulative
effects in flavor space.
We presented both an analytical evaluation and a numerical estimate of the size of the
Higgs FCNC couplings in models with flavor anarchy. The only requirement is that the three-
generations quark masses and mixing angles should be reproduced in the present scheme,
while the fourth generations masses and mixings are allowed to be free, limited only by
VCKM4 unitarity. We briefly discussed the possibilities for the lepton sector, which is unfor-
tunately complicated by the lack of a well-defined model of neutrino masses and mixings;
as well as revisited the FCNC couplings of the Z0 boson with a fourth generation.
After setting up the model and evaluating the Yukawa couplings, we analyzed the new
effects on low energy FCNC observables. At tree level, the new off-diagonal couplings affect
K0 − K¯0, D0 − D¯0 and B0d,s − B¯0d,s mixings. We use the data to set constraints on the
aij, the most stringent bound coming from K constraining the phases of the FCNC Yukawa
couplings. The constraints are similar to the those obtained in the three-generations scenario
[38] and the bounds imposed are not stringent, even if we expect the 3×3 Yukawa couplings
to be reduced in the four-generation model. The Yukawa FCNC couplings contribute to loop-
level processes such as b → sγ, t → cγ, τ → e, (µ)γ and µ → eγ. For the quark radiative
decays, the effect is negligible compared to SM values and Wq diagrams. For leptons,
depending on the size of the FCNC Higgs Yukawa couplings, the radiative decays might
become more important and restrict the alij beyond the expectation from the numerical
scan, especially from the µ → eγ decays, and even more as the bounds on lepton-flavor
violation are expected to improve in the near future.
As the present limits on the Higgs masses are pushed higher, especially for the case of
four generations, the Higgs boson decay patterns can be substantially modified from the SM
and even SM4 expectations. FCNC decay channels such as ττ ′, bb′ and even tt′ open for
mh >∼ 200 GeV, for present bounds on four-generation masses. Both h → ττ ′ could prove
to be fertile grounds for discovery of the fourth generation leptons, if the decay h → τ ′τ ′
is kinematically forbidden. Similarly, the decay h → bb′ could be an important channel for
b′ discovery if off-diagonal fourth generation mixing angles Vub′ , Vcb′ and Vtb′ are small. The
decays are important for the whole parameter space mt′ ≥ 400 GeV, mb′ ≥ 200 GeV and
would provide a clear indication of the model.
If the fourth generation quarks and leptons are heavier than the Higgs boson, their decay
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into lighter quarks and Higgs bosons would be a promising channel for their discovery and
identification. In particular, the branching ratios for t′ → th and b′ → bh compete with
t′ → tZ0 and b′ → bZ0, dominate for most of the parameter space, and approach 1 for
a significant range of Vt′b, Vtb′ and mt′ , mb′ parameter space. And the fourth generation
lepton which can only decay through electroweak processes, may not be able to decay into
Wν ′τ or Wντ (depending on mass and mixing constraints in the leptonic sector), making
τ ′ → τh a dominant decay mode, and competing with τ ′ → τZ0.
Thus, even if the KK scale is heavy, and KK particles cannot be seen at the LHC, residual
effects due to Higgs FCNC could provide the most promising indirect signals for the warped
space scenario. Our analysis shows that in a four-generation model, which is natural in this
scenario, the results could be enhanced over the model with three generations and yield
measurable signals at the LHC.
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VII. APPENDIX A - LOOP CALCULATIONS
We present in this appendix explicit results for some of the radiative corrections addressed
in the main text.
• b→ sγ
The amplitude of b→ sγ decay is
− iM = iemb′
√
mbms
48pi2v24
{
(ad
∗
24a
d
34PL + a
d
42a
d∗
43PR)γ
µ
[
− 2C00 +m2bC12 −m2s(C11 + C12 + C1)
+ m2jC0 +
m2s
m2s −m2b
(B0 +B1)− m
2
b
m2s −m2b
(B˜0 + B˜1)
]
− (ad∗24ad34PR + ad42ad
∗
43PL)γ
µmsmb
[
C1 − B0 +B1
m2s −m2b
+
B˜0 + B˜1
m2s −m2b
]
− (ad∗24ad
∗
43PL + a
d
42a
d
34PR)γ
µmbmb′
[
C0 − B0
m2s −m2b
+
B˜0
m2s −m2b
]
+ (ad
∗
24a
d∗
43PR + a
d
42a
d
34PL)γ
µmsmb′
[
C0 +
B0
m2s −m2b
− B˜0
m2s −m2b
]}
,
(74)
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where B˜0 and B˜1 stand for two-point coefficient functions with different arguments
than B0 and B1. The arguments of the scalar and tensor-coefficient functions appear-
ing in the three-point integrals are
(
P 21 , P
2
2 , (P1 + P2)
2,m2b′ ,m
2
h,m
2
b′
)
. The two-point
integral coefficient functions B0 and B1 have the arguments
(
m2s,m
2
h,m
2
b′
)
while the
arguments of B˜0 and B˜1 are
(
m2b ,m
2
h,m
2
b′
)
. Although B˜’s depend on different argu-
ments, their numerical values are almost the same as those of the B’s
The decay rate is
Γ(b→ sγ) = 〈M
2〉
16pim3b
√
m4b +m
4
s − 2m2bm2s. (75)
• Z → bb¯ decay
The radiative corrections to Z → bb¯ vertex are
δgL(b) =
mbmb′
16pi2v24
{
gRZbb¯
[
|ad43|2
(
− 2C00 −m2b(C11 + C22 + C1 − C2) +M2ZC12
)
+ ad34a
d
43mbmb′(C1 − C2)
]
+ gLZbb¯
[
|ad34|2
(
−m2b(C2 + C1 − C0) +m2b′C0
)
+ ad?34a
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+ |ad43|2
(
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)
+ 2ad34a
d
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′
0
]}
, (76)
and
δgR(b) =
mbmb′
16pi2v24
{
gLZbb¯
[
|ad34|2
(
− 2C00 −m2b(C11 + C22 + C1 − C2) +M2ZC12
)
+ ad?34a
d?
43mbmb′(C1 − C2)
]
+ gLZbb¯
[
|ad43|2
(
−m2b(C2 + C1 − C0) +m2b′C0
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−B1 + (m2b −m2h +m2b′)B′0
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0
]}
. (77)
The results are in good agreement with [60] in the limit mb → 0 and when the inter-
mediate particle is the b rather than the b′ quark. gL
Zbb¯
and gR
Zbb¯
are the tree level Zbb¯
couplings of the SM and they are given by
gLZbb¯ =
e
sin θW cos θW
(
− 1
2
+
1
3
sin2 θW
)
,
gRZbb¯ =
e
sin θW cos θW
(1
3
sin2 θW
)
. (78)
The arguments of the scalar and tensor-coefficient functions [61] appearing in the
three-point and in the two-point integrals are
(
P 21 , P
2
2 , (P1 + P2)
2,m2h,m
2
b′ ,m
2
b′
)
and(
m2b ,m
2
h,m
2
b′
)
, respectively. We note the following:
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1. The largest contribution to gL(b) comes from the term
mbmb′
16pi2v24
gLZbb¯|ad34|2
[
m2b′C0
] ∼
4.65202× 10−6.
2. The largest contribution to gR(b) is −mbmb′
16pi2v24
gLZbb¯|ad34|2 [2C00] ∼ −1.4136× 10−5.
3. In this calculation, even if some terms include phases, they contribute as the
coefficient of either (C1 −C2), which is almost equal to zero, or B′0 which is neg-
ligible compared to the dominant terms. Thus, the phases in the Higgs Yukawa
couplings aij do not affect the final result.
• Z → τ+τ−
The Higgs-mediated loop contribution to the width Γ(Z → l+l−) with a heavy
τ ′ in the loop proceeds as Z → bb¯ and induces a non-universal correction to the
τ+τ− decay. However, the correction due to the FCNC in the loop is very small(
δgLZτ+τ− , δg
R
Zτ+τ− ' O(10−7)
)
for both profiles (A) and (B) in subsection III B 4) and
thus the change in width, when compared to Γ(τ+τ−)/Γ(e+e−) = 1.0019±0.0032 [24],
it does not set any meaningful bound on the FCNC Higgs couplings in the leptonic
sector.
VIII. APPENDIX B - FERMION MASSES IN RS4
First let’s define our notation. If A is an n×n matrix, then [A]ij represents its {ij} first
order minor, i.e. the determinant of the (n− 1)× (n− 1) submatrix obtained by removing
row i and column j to A. We will also use the notation [A]ij,αβ to represent the {ij, αβ}
second order minor of A, i.e. the determinant of the (n− 2)× (n− 2) submatrix obtained
by removing rows i and α, and columns j and β to the matrix A.
Mu = v FQYuFu, (79)
MuM
+
u = v
2 FQYuF
2
uY
+
u FQ. (80)
We can always write
i=4∏
i=1
mi = mt′mtmcmu =
∣∣∣Det(Mu)∣∣∣ = v4 ∣∣∣Det(FQ)Det(Yu)Det(Fu)∣∣∣, (81)
and to lowest order in ratios of fi’s we can write
i=4∏
i=2
mi = mt′mtmc =
∣∣∣[Mu]11∣∣∣ = v3 ∣∣∣[Fu]11 [Yu]11 [FQ]11∣∣∣ = v3 fQ2fQ3fQ4fu2fu3fu4∣∣∣[Yu]11∣∣∣, (82)
34
and
i=4∏
i=3
mi = mt′mt =
∣∣∣[Mu]11,22∣∣∣ = v2 ∣∣∣[Fu]11,22 [Yu]11,22 [FQ]11,22∣∣∣ = v2 fQ3fQ4fu3fu4∣∣∣[Yu]11,22∣∣∣, (83)
where we have used the property [AB] = [A][B].
We can therefore obtain the leading contributions to the quark masses
mu =
mt′mtmcmu
mt′mtmc
= v fQ1fu1
∣∣∣Det(Yu)∣∣∣∣∣∣[Yu]11∣∣∣ , (84)
and mc =
mt′mtmc
mt′mt
= v fQ2fu2
∣∣∣[Yu]11∣∣∣∣∣∣[Yu]11,22∣∣∣ , (85)
and mt′mt = v
2 fQ3fQ4fu3fu4
∣∣∣[Yu]11,22∣∣∣. (86)
In the down sector we have
Md = v FQYdFd, (87)
MdM
+
d = v
2 FQYdF
2
dY
+
d FQ. (88)
Again, we can always write
i=4∏
i=1
mi = mb′mbmsmd =
∣∣∣Det(Md)∣∣∣ = v4 ∣∣∣Det(FQ)Det(Yd)Det(Fd)∣∣∣ (89)
and to lowest order in ratios of fi’s we can write
i=4∏
i=2
mi = mb′mbms =
∣∣∣[Md]11∣∣∣ = v3 ∣∣∣[Fd]11 [Yd]11 [FQ]11∣∣∣ = v3 fQ2fQ3fQ4fd2fd3fd4∣∣∣[Yd]11∣∣∣, (90)
and
i=4∏
i=3
mi = mb′mb =
∣∣∣[Md]11,22∣∣∣ = v2 ∣∣∣[Fd]11,22 [Yd]11,22 [FQ]11,22∣∣∣ = v2 fQ3fQ4fd3fd4∣∣∣[Yd]11,22∣∣∣. (91)
The leading contributions to the down quark masses are
md =
mb′mbmsmd
mb′mbms
= v fQ1fd1
∣∣∣Det(Yd)∣∣∣∣∣∣[Yd]11∣∣∣ , (92)
and ms =
mb′mbms
mb′mb
= v fQ2fd2
∣∣∣[Yd]11∣∣∣∣∣∣[Yd]11,22∣∣∣ , (93)
and mb′mb = v fQ3fd3fQ4fd4
∣∣∣[Yd]11,22∣∣∣. (94)
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Since fQ3 ∼ fQ4 we must have that fd3fd4 ∼
mb
mb′
∼ 10−2.
Because of this, we can find also
m2b′ = v
2 f 2d4
(
f 2Q4|Y d44|2 + f 2Q3|Y d34|2
)
. (95)
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